Aquaporins in the kidney: Emerging new aspects. Since 1992 and the discovery of an MIP (major intrinsic protein of lens fiber cell) homologue protein that selectively permeates water, aquaporin (AQP), there has been an explosion of research in this field. Early research speculated that aquaporins played indispensible physiological roles in bacteria and plants, as well as in mammalian organs such as red blood cells, kidney, eye, brain and lung, where water transport rapidly takes place. Yet human subjects were identified who lacked AQP1 and yet had no apparant phenotypical changes clinically. To date 10 aquaporins have been discovered and a plethora of MIP members, and their prevalance in almost all organisms is a testament to their indispensible roles in the body, possibly as water and small neutral solute transporting channels. The recent localization of many different aquaporins in the same organ indicates that they may work cooperatively, which may partially explain the mystery of their physiological mechanism. Because the physiological roles of most aquaporins are currently only speculation, more extensive research is necessary to understand the exact function of each aquaporin.
The long-awaited discovery of the first water channel protein by Agre and his colleagues [1, 2] has indeed opened a new field in the research of membrane transport. This unique protein that was selectively permeable to water was named aquaporin (AQP) [3] , and the ensuing discovery of many homologous proteins soon clarified that there is an AQP family. Researchers have kept very busy (1) discovering new members of this family, (2) determining the localization of each aquaporin, (3) determining the physiological roles of each member, (4) analyzing the regulational mechanisms, and (5) analyzing the structure-function relationships.
Researchers of the kidney field have been very actively engaged in the cultivation of this new field. Following the exciting discovery of the first aquaporin, AQP1, the next goals were to clone the vasopressin-regulated water channel (AQP2) [4] and to identify the nephrogenic diabetes insipidus patients who had mutations in their AQP2 gene [5] . This was a clear demonstration of the functional and physiological roles of aquaporins in the body, subjects which at that stage of research stirred considerable enthusiasm. Immunohistochemical localization of aquaporins in the organs and tissues where water transport takes place at a high rate [6, 7] also supported this optimism among researchers.
However, Agre and his colleagues surprised the nephrology community again. As the first identified aquaporin, AQP1, could be found in many tissues, for example, the red blood cells, renal proximal tubules and thin descending limb of Henle's loop, eye, brain, and lung [6, 8] , it was thought reasonable to speculate that AQP1 plays indispensable roles in these tissues. Yet, Agre et al identified human subjects who hereditarily lacked AQP1, and yet no apparent clinical phenotypical changes were observed in these subjects [9] . This striking result cast a serious doubt on the physiological significance of not only AQP1, but also of aquaporins in general. Though research on aquaporins continues, researchers must always ask themselves, "What is the physiological importance of this aquaporin?" More light is currently being shed onto this mystery. Two lines of evidence are now beginning to clarify the physiological significance of aquaporins. The first line is direct: knockout mice lacking aquaporins have been engineered, and to our delight, these animals have shown some phenotypical changes [10, 11] . The second line of evidence is the discovery of new aquaporins that colocalize in the organs where previously identified aquaporins exist. For example, AQP7 is present in the kidney proximal tubule where AQP1 is also present [12, 13] . This redundancy of aquaporins could partly explain the negligible phenotypic changes in some aquaporin-lacking animals and human subjects.
Our review focuses on these new aspects of aquaporin research with an emphasis on the kidney. A number of other reviews are available for more general descriptions of aquaporins [14 -20] .
THE EXPANDING AQUAPORIN WORLD
The discovery of AQP1 in 1992 and subsequent designation of "aquaporin" opened a new field in the research of membrane transport. The number of new articles listed each year under the term "aquaporin" or "water channel" in the Medline database rose rapidly from 13 in 1991 to 103 in 1997. Similarly, there has been a rapid increase in the number of aquaporins discovered. To date (November 1997), 169 entries are found under the name of "aquaporin" in the GenBank.
Aquaporin was originally defined as "the MIP26 homologue proteins which rapidly and selectively permeate water" [3] . MIP26 is a major intrinsic protein of mammalian lens that was cloned in 1984 [21] . Many homologous proteins discovered since that time make up a large and growing family of integral membrane proteins, the MIP family [22, 23] . Thus, a more simple definition of aquaporins is the "MIP family members with a confirmed water channel function." As MIP family members can be easily cloned by polymerase chain reaction (PCR)-based cloning strategy, their numbers have drastically increased. This ease of cloning is due to the two highly conserved regions, each of which contains a structural motif of asparagine-prolinealanine (NPA box) in the sequence. Most cloned MIP proteins have not been examined for their water channel function, and thus they remain categorized as MIP proteins. Those that have been proven to have a water channel function have thereby acquired a new name, "aquaporin." Some MIP proteins are not regarded as aquaporins since they have been shown to be permeable not to water, but to small solutes such as glycerol and urea. Accordingly, there are fewer aquaporins than MIP proteins. Nonetheless, most MIP proteins may still prove to be aquaporins if they are adequately examined for their water channel function.
Research looking for new aquaporins and genome projects in many organisms have identified plenty of MIP proteins [23] . Figure 1 illustrates a phylogenetic analysis of several MIP/AQP proteins based on their amino acid sequence homologies. All mammalian aquaporins except AQP9 are included. Although the number is limited, Figure  1 already shows the complexity of the MIP/AQP world. It may be possible to separate this entire family into two large subfamilies, that is, the upper and lower parts separated by the dotted line in Figure 1 . E. coli has two MIP proteins with a distinct functional difference: one is an aquaporin (AqpZ) [24] and the other is a glycerol facilitator (GlpF). Like bacteria, other organisms have many MIP proteins that belong to these two subgroups. For example, C. elegans has eight MIP proteins, three of them belonging to the upper group, and the remaining five to the lower group. Yeast has two upper and two lower members [23, 25] . For mammalian members, thus far discovered, three belong to the upper, and seven to the lower group. Plant members are an exception. There are many MIP proteins in the plant kingdom (for example, Arabidopsis has more than 23 members [26]), and all of them belong to the lower group. The presence of two different MIP proteins in E. coli suggests that the separation of the two subgroups was an event predating the species evolution to bacteria. The simple implication of the separation was that it is also accompanied by a functional difference: the upper group works as a glycerol or small solute facilitator, and the lower group as a water-selective aquaporin [27] . However, available evidence suggests that nature is not so simple. Although bacterial GlpF selectively permeates glycerol and excludes water [28, 29] , mammalian members of the upper subgroup, AQP3 [30, 31] , AQP7 [13] , and AQP9 [32] , permeate water in addition to glycerol and urea. The members in the lower group seem water-selective, but permeabilities to solutes and ions have also been suggested 
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in some studies [33] [34] [35] . Thus, more studies are needed to settle the meaning of the subfamilies of the MIP/AQP family. Meanwhile, the number of identified MIP members has increased drastically, and the prevalence of MIP/AQP proteins in almost all organisms clearly indicates their indispensable roles in the body, possibly as water and small neutral solute transporting channels.
LOCALIZATION AND PHYSIOLOGICAL ROLES OF AQUAPORINS IN MAMMALS
By 1995, seven mammalian aquaporins, AQP0 -AQP6, had been successively identified and reported. Very recently, three new aquaporins (AQP7, AQP8 and AQP9) have been cloned [13, 32, 36, 37] . The presence of at least 10 aquaporins in the body suggests that aquaporins play essential roles in mammals as well. In the following, we will summarize the localization of each aquaporin in systemic organs, and speculate on their physiological roles. Knowing their localization in organs other than the kidney may be important in considering their roles in the kidney. Table 1 summarizes the localization of mRNA expression of aquaporins in systemic organs and cellular expression of proteins detected by immunohistochemistry in each organ. Schematic localization of aquaporin proteins inside the kidney is depicted in Figure 2 . With increases in aquaporin members, it has become apparent that some cells may have several different AQP proteins, for example, kidney collecting duct cells express AQP2, AQP3, and AQP4. Moreover, the expression of several aquaporins in a single organ is a common feature, as shown in the kidney, where AQP1-4, 6, and 7 have been identified (Fig. 2) . The eye may be another organ in which water transport is busy. This may account for the expression of five types of aquaporin (AQP0, 1, 3-5) in the eye. This redundancy may help to facilitate compensation among aquaporins when one aquaporin is lost or non-functioning for some reason.
AQP0
Major intrinsic protein of the 26 kD lens (MIP or MIP26) was isolated as a protein that constitutes more than 60% of the total membrane protein of lens fiber cells [38] . Since an analysis of the amino acid sequence deduced from the cloned cDNA predicted a six-membrane-spanning structure, MIP was initially thought to be a gap junction protein [21] . Recent studies have disclosed that MIP functions as a water channel when expressed in Xenopus oocytes, although the increase in water permeability is less than the increases of other aquaporins [39] . Localization of MIP is limited to the eye. As the lens is avascular, lens cells need to gain nutrients from the interstitial fluids [40] . These findings suggest that MIP may be crucial for water transport and maintenance of the transparency of the lens. Furthermore, MIP bears a potential relationship not only with increased water retention in the lens, a phenomenon frequently observed with age, but also with the development of cataracts. It has been reported that mutations in the MIP gene cause a hereditary cataract in mice [41] .
AQP1
AQP1 was discovered from red blood cells as a discrete integral membrane protein of 28 kD [42] . The cDNA cloning [1] and deduced amino acid sequence suggested its homology with MIP (AQP0). Expression of AQP1 cRNA in Xenopus oocytes demonstrated a mercury-sensitive water channel function [2] . AQP1 in erythrocytes is presumed to See text for more details.
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play a role in the survival of erythrocytes during circulation through the renal medulla, where the interstitial osmolality is extremely high. AQP1 mRNA expression has been found in the kidney, eye, salivary gland, and heart by Northern blot analysis [43] . In the eye, AQP1 has been localized in corneal endothelial cells lining the internal surface of the cornea. The localization in the endothelium predicts its function for water movement from stroma to the aqueous humor. AQP1 has also been found in nonfenestrated capillary endothelium of systemic organs such as the salivary glands, lachrymal glands, pancreas, and heart. However, no AQP1 has been demonstrated in the glandular epithelium [6] . The vascular endothelial AQP1 may contribute to transition of vascular fluid to the interstitium and glandular epithelium.
AQP1 has been shown to be abundant in the kidney at both the mRNA and protein levels [44] . Immunohistochemistry demonstrated its selective localization in proximal convoluted and straight tubules and descending thin limbs of Henle's loop, as well as in nonfenestrated endothelium of descending vasa recta in rat kidney [42, 45] . As AQP1 is localized in highly water-permeable nephron segments (Fig. 2) , its presence in the kidney could be important. In the proximal tubular epithelia, immunolabeling of AQP1 was shown to be intense in the microvilli of the apical brush border and less intense in the basolateral membrane [8] . AQP1 was also localized to both the apical and basolateral membranes of descending thin limbs with nearly equal abundance, and with decreasing expression along the axis of this nephron segment in concordance with the known water permeability characteristics [45] . Negligible immunostaining of AQP1 has been observed in the cytoplasmic area of these AQP1-expressing cells. Localization of AQP1 in both apical and basolateral membrane of the nonfenestrated descending vasa recta endothelium, the only vascular structure in the kidney with nonfenestrated Fig. 2 . Schematic diagram of aquaporin distribution in nephron segments. AQP1 is present on both the apical and basolateral membranes of proximal tubular and thin descending limb epithelial cells and also the descending vasa recta endothelium. AQP2 locates predominantly in the subapical cytoplasm and on the apical membrane of collecting duct principal cells. Both AQP3 and AQP4 are primarily present on the basolateral membrane of collecting duct principal cells with different segmental localization; AQP3 is intense in cortical and outer medullary collecting ducts and AQP4 is exclusively found in inner medullary collecting ducts. AQP7 is presumed to be present on apical membrane of proximal straight tubular epithelial cells. AQP6 is not shown as it has not yet been localized.
endothelium, was in concordance with the high water permeability of this vasculature. Though the role of AQP1 in microvascular water transport remains unknown, it is highly conceivable that the descending vasa recta AQP1 is involved in urine concentration.
Recent studies by X-ray crystallography and cryo-electron microscopy demonstrated a three-dimensional structure of AQP1 with tilted six membrane-spanning ␣ helices that form a bundle surrounding a central density of "the hourglass funnels" [46, 47] . The three-dimensional structure of AQP1 fitted "the hourglass" model predicted by hydrophobicity analysis [48] .
AQP2
AQP2 cDNA was isolated as the second mammalian aquaporin from rat kidney and was found to be exclusively expressed in the kidney [4] . Immunohistochemistry has localized AQP2 only in collecting duct principal cells and medullary collecting duct cells, the cells in which vasopressin-regulated water reabsorption takes place. Intense immunolabeling was observed in the subapical region, while the staining was minimal in the basolateral region. By immunoelectron microscopy, most AQP2 molecules were demonstrated on small cytoplasmic vesicles distributed in the subapical region, and a small number were present in the apical membrane in a normally hydrated condition [49 -51] . Translocation of AQP2 from the cytoplasmic vesicles to the apical membrane in response to vasopressin was observed by several groups [52] [53] [54] . This observation verified AQP2 as a vasopressin-regulated water channel, and also confirmed the "shuttle hypothesis" for water channel trafficking by vasopressin [55, 56] .
In addition to the translocation of AQP2 in response to vasopressin, increases in the expression of AQP2 mRNA and protein in the kidney have been shown by 48-hour water restriction in normal rats and by long-term administration of vasopressin in vasopressin-deficit Brattleboro rats [50, 57, 58] . These results suggest that these animals also respond to vasopressin by increasing the total amount of AQP2 protein, resulting in an enhancement of the water permeability in the collecting duct. This mechanism underlies the long-term adaptation of urinary concentrating ability observed in water-deprived animals and humans [59, 60] . A part of this vasopressin-stimulated AQP2 mRNA expression and AQP2 protein synthesis is mediated by stimulated transcription of the AQP2 gene. The presence of cAMP-responsive element has been shown in the 5Ј flanking region of the gene [61] and cAMP-stimulated transcription has been demonstrated in a promoter assay [62, 63] .
Recently, AQP2 was also found to be present in the connecting tubule arcades of the cortical labyrinth of the rat kidney [64] . Micropuncture studies in the rats indicated that as much as 20% of glomerular filtrate is reabsorbed in the distal nephron segments of the cortex [65] . AQP2 in the connecting tubules, together with AQP2 in cortical collecting ducts, could serve as the route for this large water flux in the cortex.
AQP3
AQP3 was isolated from rat kidney and shown to be a unique water channel that permeates nonionic small solutes such as urea and glycerol [30, 31, 66] . The expression of AQP3 mRNA was also demonstrated in the gastrointestinal tract (stomach, small and large intestines) [30] . Although the mechanism of water absorption and secretion in the gastrointestinal tract has not been fully understood, AQP3 may play a role in this process together with AQP8 (see below).
Immunohistochemistry identified AQP3 localization in the basolateral membranes of the tracheal epithelia, the nasopharyngeal epithelia, the meningeal cells of the brain, and the conjunctival epithelia of the eyes [67, 68] . However, the scarcity of cells expressing AQP3 compared to the total organ mass and/or weakness in the degree of expression made it difficult to detect AQP3 mRNA expression in some of these organs. Contrarily, in some organs where AQP3 mRNA expression is clearly observed (stomach and small intestine), immunohistochemistry has not succeeded in finding an apparent demonstration of AQP3 protein. Further studies are needed to resolve these discrepancies.
In the kidney, AQP3 has been exclusively shown in the collecting ducts. Immunostaining was predominant in the outer medulla and cortex, but it was weak in the inner medulla. Immunoelectron microscopy demonstrated a predominant labeling of AQP3 on the basolateral membranes and a scarce labeling in cytoplasm, suggesting that this water channel was not regulated through trafficking between the intracellular vesicles and basolateral membranes [54] . Expression of AQP3 mRNA and the amount of protein were slightly up-regulated by long-term water deprivation [69, 70] , although the degree of up-regulation was less than that of AQP2. It should be noted here that while AQP2, AQP3, and AQP6 are stimulated by dehydration, the other kidney aquaporins (AQP1, AQP4, AQP7) are not, suggesting that the former have a more prominent involvement in urine concentrating ability.
AQP4
AQP4 was cloned from rat lung and brain cDNA libraries [71, 72] as a mercury-insensitive water channel (MIWC), a type distinct from other aquaporins. Predominant expression of AQP4 was found in the brain at both the mRNA and protein levels [73] . Intense immunolabeling was demonstrated in glial cells that were in contact with capillaries and pia, and in a subpopulation of ependymal cells. As the ependymal cells line the aquaductal system, AQP4 may contribute to reabsorption and maintenance of cerebrospinal fluid.
In the lung, AQP4 was localized in the basolateral membrane of tracheal and bronchial epithelia, but not in that of alveolar epithelium [67, 68] . In the trachea, AQP4 colocalized with AQP3, indicating a shared function in hydration of the airway to maintain mucociliary clearance in the postnatal period and in water transport in the prenatal period. AQP4 also resides in basolateral membrane nasopharyngeal epithelium. The prominent localization of AQP4 on the basolateral membrane of the airway epithelia also predicts the existence of other water channels in the apical membrane. In the eye, AQP4 was immunostained on the basolateral membranes of the nonpigmented epithelial cells of the ciliary body and in the contiguous pigmented cells of the iris [67] . AQP4 was localized in the basolateral membrane of inner medullary collecting duct cells in the kidney, and like AQP3, it is regarded as a constitutively expressed water channel. No apparent change in AQP4 expression was observed in kidneys from water-restricted rats [74] . Intense labeling for AQP4 was predominant in the most distal parts of the inner medullary collecting ducts. This segmental distribution may explain a small defect in the urine concentrating ability of AQP4-knockout mice (see below).
AQP5
AQP5 was cloned from a salivary gland cDNA library [75] . Its expression is abundant in the salivary gland, eye, and lung, suggesting a role in water secretion in these organs. As AQP5 immunostaining was found in the apical membrane of mucus gland acinal cells of the salivary gland and corneal epithelium of the eye, AQP5 is suspected to play a role in the secretion of saliva and maintenance of corneal transparency. In the lung, AQP5 was shown to be present on alveolar type I epithelial cells [68, 76] . Its presence on these cells may work to moisten the alveolar walls as well, and in the fetal lung it may facilitate the exchange of amniotic fluid and pulmonary interstitial fluid. AQP5 is absent in the kidney at both the mRNA and protein levels.
AQP6
Rat and human AQP6 (initially designated WCH-3 [77] or hKID [78] ) were isolated from rat and human kidney cDNA as a new aquaporin with high homologies to AQP2 and MIP. The reported water permeability of AQP6 was much smaller than that of all other aquaporins except MIP (AQP0). The human gene was mapped to chromosome locus 12q13, a locus also shared by the AQP0, AQP2, and AQP5 genes [79 -81] . A recent study showed that the AQP2, AQP5, and AQP6 genes are clustered in a 27-Kb segment of human genome, suggesting a close evolutionary relationship [82] . Among several organs examined, the kidney was the only organ in which AQP6 mRNA was intensely expressed, just as in the case of AQP2 mRNA. Surprisingly, cellular localization of AQP6 in the kidney has not been examined. If we consider its close sequence homology, close gene locus, and up-regulation by dehydration, the role of this aquaporin in renal water transport should be determined.
AQP7
AQP7 was recently isolated from rat testis. This new water channel is unique since it facilitates the transport of glycerol and urea just as AQP3 does. Northern blot analysis showed AQP7 mRNA expression intensely in the testis, kidney, and heart, and less intensely in skeletal muscle and brain [13] . In situ hybridization and immunohistochemistry have localized AQP7 mRNA and protein in the cells of late-stage spermatogenesis and maturing spermatids in the testis. The presence of AQP7 at these sites may account for the unexpectedly high mercury-resistant water permeability of sperm [13] . The physiological role of AQP7 in sperm remains to be clarified, but its permeability to glycerol may be beneficial for cryopreservation of sperm when glycerol is used as effective cryoprotectant. AQP7 mRNA has also been found in human adipose tissue, and is postulated to work as a route for glycerol [83] .
In the kidney, AQP7 was localized at brush border of the proximal straight tubules but not of the convoluted tubules [12] . This unique localization pattern is different from that of AQP1, which is distributed throughout the proximal tubules. The localization of AQP7 in the proximal straight tubules may have an implication with the absence of phenotypic changes in hereditary AQP1-deficit human subjects (see below). The relative role of AQP7 in water transport in the proximal tubules remains to be examined.
AQP8
AQP8 was identified as a mercury-sensitive water channel from rat testis [36] , pancreas and liver [37] , and mouse lung and placenta [84] . The deduced amino acid sequence had the highest homology among the MIP family members to a plant water channel, ␥TIP. Expression and localization of this water channel were confined to spermatids and sperms of the testis, hepatocytes, placenta, pancreatic acinal cells, and absorptive epithelia of colon, thus suggesting respective roles in reproduction, the excretion of bile and pancreatic fluids, and the absorption of water in the colon. mRNA expression and immunostaining of AQP8 in the kidney are minimal. Mouse AQP8 may be unique since this water channel is permeable to urea but not to glycerol [84] , whereas rat AQP8 is impermeable to both urea and glycerol [36, 37] .
AQP9
AQP9 is the latest water channel cloned from liver cells [32] . It has a high amino acid sequence identity with AQP3 (48%) and AQP7 (45%), and lesser identities with other aquaporins including AQP1 (21%). Thus, AQP9 belongs to the upper subgroup in Figure 1 . Unexpectedly, selectivity of AQP9 shows a unique property in that it permeates water and urea, but excludes glycerol. This channel property constitutes clear evidence that the pore of MIP/AQP proteins can discriminate among small non-ionic solutes, for example, glycerol versus urea. Northern blot showed predominant AQP9 expression in peripheral leukocytes, and less expression in liver, lung, and spleen. The high urea permeability of AQP9 raises the interesting possibility that AQP9 may work as a mechanism of urea to exit from hepatocytes since the previously cloned urea transporters are not expressed in the liver. The physiological roles of AQP9 in liver and other tissues remains to be determined.
RELATIVE ABUNDANCE OF mRNA EXPRESSION OF MAMMALIAN AQUAPORINS IN SYSTEMIC ORGANS
Although the mRNA expression of each aquaporin has been extensively examined in the systemic organs, it is still difficult to compare the relative abundance of the mRNA expression of different aquaporins in a given organ. This information is important in determining which aquaporins work dominantly in each organ.
To obtain this information, we performed a ribonuclease protection assay for all mammalian aquaporins (except AQP6 and AQP9) in rat systemic organs. Rat AQP cDNA fragments were cloned by RT-PCR and used as templates for in vitro transcription of 32 P-labeled antisense cRNA probes as reported previously [13, 37, 51] . Total cellular RNA was isolated from rat systemic organs by a modified guanidinium thiocyanate method, and 10 g of each RNA sample was hybridized with 32 P-labeled antisense cRNA probes for each AQP mRNA and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA at 45°C overnight. Unhybridized probes were digested with ribonucleases, and hybridized probes protected from the digestion were heatdenatured and electrophoresed on polyacrylamide gels. The gels were dried and exposed to X-ray films at Ϫ70°C for 16 hours. Actual autoradiography images are shown in Figure 3 , and the arbitrarily relative intensities of the expressions are summarized in Table 2 . A similar study for AQP1-AQP5 mRNA detection has been reported [85] . The ribonuclease protection assay is more sensitive and reliable than Northern blot analysis, and more quantitative than RT-PCR analysis [86] since expression of a housekeeping gene, for example, GAPDH mRNA is simultaneously detected with a target gene. Table 2 shows the grading of the expression intensities in reference to GAPDH expression.
Although the results obtained by ribonuclease protection assay do not provide the cellular sites of aquaporin mRNA expression in each organ, they may give us a rough idea of the quantities of each aquaporin mRNA in each organ. The results show that the expression is generally intense in organs where water movement is presumed to be high such as the kidney, eye, and salivary gland. Coexpression of multiple aquaporins in a given organ may suggest that aquaporins work cooperatively (Table 2 and Fig. 3 ). In the kidney, the expressions of AQP1 and AQP2 were intense, while those of AQP3 and AQP4 were less intense. The expressions of AQP3 and AQP4 became moderate in the medulla, a finding consistent with immunohistochemical data. The great abundance of AQP2 mRNA compared to mRNA for AQP3 and AQP4 could suggest that AQP2 is a regulated protein that requires rapid turnover of its mRNA and protein. A review of Table 2 implicates many interesting features. AQP4 is a dominant aquaporin in the brain, just as AQP1 and AQP2 is in the kidney. The role of AQP8 in the liver and pancreas may merit future research. What is the role of aquaporins in the testis and ovary? It should also be pointed out that organs without any aquaporins (for example, the adrenal gland) are the exception, which again suggests that aquaporins play critical biological roles in the body, and that new members of the aquaporin family may be present in the organs where AQP0ϳAQP9 have not been identified.
LESSONS FROM KNOCKOUT MICE
As previously mentioned, minimal phenotypic change in AQP1-null human subjects has been a source of unease for aquaporin researchers, especially for those dealing with mammalian aquaporins. Following the discovery of Colton blood group antigen on AQP1 [87] , five kindreds of Coltonnull subjects were identified. Examination of red blood cells from those subjects showed a loss of AQP1 protein and a loss of functional water channels, though clinically they were normal [9] .
To examine the roles of each mammalian aquaporin in the body more directly, Verkman and colleagues succeeded in engineering knockout mice that lacked either the AQP1 or AQP4 by gene manipulation [10, 11] . As described above, AQP4 is present in many tissues in the body, and its absence is expected to cause abnormalities, especially in neuromuscular function and urinary concentrating ability. Mice lacking AQP4 were born normally at the expected Mendelian ratio, and the growth and organ morphology showed few phenotypical abnormalities. The neuromuscular function was normal as examined by rotorod performance. Urine osmolality was not different between knockout and wild-type mice in a normally hydrated condition. However, after 36 hours of water deprivation, maximal urine osmolality was significantly lower in the knockout mice than in the wild-type (2616 vs. 3342 mOsm/kg). Measurements of water permeability of isolated inner medullary collecting duct perfused in vitro in the presence of vasopressin showed that the value for the knockout mice was about 1/4 of that of the wild-type [88] . This result clearly shows that AQP4 is important when animals are required to concentrate urine maximally, but contributes little to urine concentrating ability in a normal waterdrinking condition [11] . Although AQP4 and AQP3 colocalize in the basolateral membrane of collecting ducts, the former is rich in the inner medullary collecting duct, while the latter is scarce in this segment and abundant in the cortical and outer medullary collecting ducts. This segmental distribution pattern may well explain the defect of urinary concentration ability in the AQP4 knockout mice. The terminal medullary collecting duct may be important only in the condition when urine should be concentrated maximally. If this speculation is correct, then we can expect the urine osmolality in the AQP3 knockout mice to be reduced in a normal hydration condition, thereby showing an overt nephrogenic diabetes insipidus. This interesting possibility should be tested. Nevertheless, the physiologic function of AQP4 is confirmed, at least in the mouse kidney. Fig. 3 . Ribonuclease protection assay for mammalian aquaporins in rat systemic organs. Total RNA (10 g each) was hybridized with 32 P-labeled antisense cRNA probe for rat AQP1 (A), AQP2 (B), AQP3 (C), AQP4 (D), AQP5 (E), AQP7 (F) or AQP8 (G) mRNA and probe for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA simultaneously. 32 P-labeled cRNA probes protected from riboneclease digestion are detected by autoradiography after gel electrophoresis.
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Another interesting defect in urine concentrating ability was described in the AQP1 knockout mice [10] . Although the AQP1 knockout mice were grossly normal in terms of survival and appearance, they were vulnerable to water deprivation and became severely dehydrated. These mice could not concentrate urine appropriately, and serum osmolality rose to a very high level when they were deprived of water for 36 hours. These results suggest that AQP1 is required for the formation of a concentrated urine. Although water deprivation has not yet been reported in Colton-null subjects, water deprivation may be unsafe for them.
Based on our knowledge of nephron functions, what kind of physiological abnormalities can we expect in the total absence of AQP1 in the kidney? As stated above, AQP1 is present in the apical and basolateral membranes of proximal tubules, thin descending limbs of Henle's loop, and in the descending vasa recta. If water reabsorption in the proximal tubules is inhibited by a lack of the water channel, then Na ϩ concentration in the lumen will decrease in the face of continued active Na ϩ reabsorption. This in turn will stop reabsorption of Na ϩ and other solutes, resulting in massive solutes and water diuresis. This may differ from what we observed in animals and humans. There are two possible explanations for this discrepancy.
(1) Water can be reabsorbed through the paracellular pathway independently from the transcellular route in these nephron segments. This long-lasting hypothesis (water flow through paracellular pathway) is still valid and awaits evaluation in the light of aquaporin. (2) Other aquaporins compensate for the lack of AQP1 in the nephron. Identification of rat AQP7 in the apical membrane of proximal straight tubules suggests that AQP7 can at least in part substitute the role of AQP1 in the proximal tubules. It can be speculated that AQP7 distributes to a more proximal portion of the proximal tubules, or that other aquaporins exist in these segments. Thus far, no other aquaporin has been identified in the thin descending limb of Henle's loop, which has been regarded as important for the urinary concentrating mechanism. Interstitial hypertonicity in the medulla drives passive reabsorption of water there, resulting in high intraluminal NaCl concentration. In turn, luminal fluid enters into the thin ascending limb of Henle's loop, which is impermeable to water and possesses a higher permeability to NaCl than to urea. This difference allows the passive diffusion of luminal NaCl into the interstitium, working as "the single effect." This is known as "the passive model of the countercurrent multiplication system by Kokko and Rector" [89] . If water reabsorption in the thin descending limb is inhibited, this passive mode of countercurrent multiplication will not work. In such a case, however, the other (more powerful) single effect by active NaCl reabsorption in the thick ascending limb of Henle's' loop in the outer medulla will compensate to some extent [90, 91] . A role for AQP1 in the descending vasa recta is more speculative, because a role of microvascular system in the counter-current system has not been settled. NaCl-induced water flow in the descending vasa recta [92] might fit the counter-current model incorporating the vascular bundle as a component [90] .
Knockout mouse models allow us to directly examine the function of aquaporins in the kidney and total body as well. Further physiological studies in these models will answer many of the questions discussed above. Through such studies, it will be possible to ascertain the contribution of each component of the countercurrent system to the urine concentrating ability.
CONCLUDING REMARKS
The last six years have witnessed an explosion of aquaporin research. A growing number of aquaporin family members and localization of many aquaporins in the same organs suggest that they work cooperatively. The physiological roles of most aquaporins are still only speculated, but data obtained thus far from knockout mouse models are encouraging. More extensive studies are needed to determine the physiological functions of each aquaporin. AQP mRNA expression is arbitrarily graded from Ϫ to ϩϩϩ (Ϫ; negative, ϩ; weak, ϩϩ; moderate, ϩϩϩ; intense as similar as GAPDH mRNA expression).
ACKNOWLEDGMENT

